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Sulphurous mineral waters have been traditionally used in medical hydrology as treatment for skin, respiratory, and musculoskeletal
disorders. However, driven by recent intense research efforts, topical treatments are starting to show benefits for pulmonary
hypertension, arterial hypertension, atherosclerosis, ischemia-reperfusion injury, heart failure, peptic ulcer, and acute and chronic
inflammatory diseases. The beneficial effects of sulphurous mineral waters, sulphurous mud, or peloids made from sulphurous
mineral water have been attributed to the presence of sulphur mainly in the form of hydrogen sulphide. This form is largely
available in conditions of low pH when oxygen concentrations are also low. In the organism, small amounts of hydrogen sulphide
are produced by some cells where they have numerous biological signalling functions. While high levels of hydrogen sulphide are
extremely toxic, enzymes in the body are capable of detoxifying it by oxidation to harmless sulphate. Hence, low levels of hydrogen
sulphide may be tolerated indefinitely. In this paper, we review the chemistry and actions of hydrogen sulphide in sulphurous
mineral waters and its natural role in body physiology. This is followed by an update of available data on the impacts of exogenous
hydrogen sulphide on the skin and internal cells and organs including new therapeutic possibilities of sulphurous mineral waters

and their peloids.

1. Introduction

Hydrogen sulphide (H,S), the active molecule in sulphurous
mineral waters, is currently attracting the attention of scien-
tists due to its potential therapeutic applications [1]. These
past few years have witnessed a growing body of knowledge
regarding the potent role of hydrogen sulphide as a signalling
molecule and protein sulthydration [2] in numerous cytopro-
tective biochemical reactions of the body. Besides supporting
the known properties of sulphurous mineral waters, these
new data are starting to unveil new therapeutic applications
for these waters.

Being a gas, H,S can be absorbed by numerous routes. It
is able to penetrate the skin and mucosae and can therefore
act at the cell level both in the skin and in internal organs
of our organism. This means that the topical application of
sulphurous mineral waters rich in hydrogen sulphite has the
potential to treat disorders of the internal organs such as

high blood pressure, ischemia, and conditions affecting the
kidneys or nervous system. Further, if sulphurous mineral
water is applied to the skin in the form of a matured mud,
or peloid, its effects may be potentiated. Many authors have
examined the mechanisms of action of medicinal waters and
their therapeutic effects, and certain inorganic components
have been linked to the effects of curing baths [3-7] and muds
[8-11].

Several studies have also assessed the properties of min-
eral water as a whole, although the different constituents of
waters may act in an antagonistic manner [I12]. Similarly,
peloids have often been considered as equivalent despite their
different origins conferring them very different properties
[13].

In this paper, we revisit the chemical properties of H,S in
sulphurous mineral waters and describe how environmental
factors such as pH, temperature, and the presence of oxygen
can affect its concentrations and thus the final activity of the
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FIGURE 1: Hydrogen sulphide concentrations versus pH. According
to the pH (7.04 or 11.96), sulphurous derivatives occur in saline (HS™
and $*7) or gaseous (H,S) solution. On the skin (pH < 6), hydrogen
sulphide is mainly present as gas (H,S), whereas, at physiological
pH, (7.2-7.4) only one-third exists as gas (H,S) and it is mainly found
in saline solution (HS™).

waters or their products. Finally, we review the impacts of H,S
on mammalian cells and organs, with special attention paid
to the new therapeutic possibilities of sulphurous mineral
waters and their peloids.

2. Hydrogen Sulphide Chemistry

Hydrogen sulphide is a colourless gas and, being a weak acid,
is highly soluble in water. It is heavier than air, very poisonous,
flammable, and corrosive. Above a certain concentration, its
toxic effects are comparable to those of carbon dioxide and
cyanide. Its stability depends on the pH, temperature, and the
oxygen concentration of the environment.

Sulphur forms change at two critical pHs, pKa = 7.04 and
pKa = 11.96. At physiological pH, the ratio of hydrogen sul-
phide to bisulphide (HS™) is1: 3. Thus, two identical solutions
of H,S show different concentrations at different ambient
temperature and the presence of oxygen will promote the
reduction of hydrogen sulphide to hydrogen sulphate.

At acidic pH, H,S is the only form of sulphur. At a pH
of 7.04, sulphur salts occur at a 50% concentration and when
the pH is around 9.5 only bisulphide will exist (HS™). Beyond
pH 9.5, sulphides (S*”) start to form and as pH increases, this
anion is the only viable form of sulphur (Figure 1).

At physiological pH (7.2-7.4), only a third of sulphur is
found as H,S, although, at skin pH (4.5-6.5), virtually all
sulphur occurs as H,S.

The composition of sulphurous mineral water has been
well-established. However, regardless of accompanying salts,
for this mineral water to exert its beneficial effects, it must
contain a reasonable amount of H,S or HS™ and thus have a
relatively acidic pH. In contrast, $*~ usually found in alkaline
waters are inert or do not exert the same activity [14].

Another factor to consider is that although H,S is a gas,
HS™ and $*~ are salts. This means that H,S will be more easily
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absorbed through the skin and mucosa than its soluble salts.
Further, given that the reactivity of dissociated HS™ is greater
than that of H,S, it may be assumed that [15] (1) both the
gas and anions coexist in vivo; (2) dissociated bisulphide is
more reactive than H,S and peaks at pH 11 [16]; and (3) the
presence of oxygen could diminish the reduction force. This
means that H,S molecules will more actively penetrate the
skin rather than remaining on the surface.

Hydrogen sulphide derivatives will act depending on
their molecular state too, that is, their degree of reduction
or oxidation, which is usually determined by the external
environment. Oxidation causes the transformation of H,S
(valence —2) to sulphur (S valence: 0), which is in turn
oxidized to hyposulphites (H,S,0;: valence +2) and then
to sulphites (H,SO;: valence +4) and sulphates (H,SO,:
valence +6). Conversely, reduction leads to the reverse order
of formation [17].

In nature, H,S is generated by the decomposition of
organic matter, whereby it is aerobically oxidized to elemental
sulphur and then transformed to sulphates through the
activity of bacteria and other microorganisms. Likewise,
sulphates can be anaerobically reduced to H,S through their
assimilation by living organisms or their decomposition by
microorganisms, thus closing the sulphur cycle [18]. Thus,
in simple terms, anaerobically reduced sulphates give rise to
H,S, which is aerobically oxidized to sulphate.

In balneology, medicinal muds (peloids) can be generated
through these reactions [9]. This mud has similar proper-
ties to water [19] and matures over time improving their
properties of granulometry, specific heat, caloric retentivity,
inertia time, relaxation time, hardness, adhesiveness, cohe-
sion, and springiness [20, 21]. Mud treatments have been
used for wounds produced by trauma. In this application,
water remains in contact with the skin surface for a long
time and absorption of the active principle is enhanced
due to occlusion and ion exchange at temperatures slightly
above physiological [22]. For this purpose, the use of peloids
produced from sulphurous mineral waters is common. These
peloids have their own peculiar characteristics [11].

According to the data available so far, balneotherapy
using thermal-mineral waters and peloids has proved to be
an effective remedy for lower back pain and knee and hand
osteoarthritis [23-26].

3. Hydrogen Sulphide and Body Physiology

Recently, H,S and nitric oxide (NO) have been described as
gasotransmitters that contribute to many physiological and
pathophysiological functions as signalling molecules with
potent cytoprotective actions [27].

Hydrogen sulphide is an endogenous gas with important
physiological functions [28]. Endogenous hydrogen sulphide
has been reported to function as a neuromodulator in the
brain [29] and within the vasculature; the main functions of
H,S are vasodilation and promoting new vessel growth.

The proangiogenic effects of hydrogen sulphide have been
associated with increased vascular endothelial growth factor
(VEGF) expression and activation of its receptor. Hydrogen
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FIGURE 2: Mechanism of endothelial cell proliferation through hydrogen sulphide activity and NO production by the H, S pathway. An increase
in vessel formation is produced that is significantly attenuated through NO production blockade by nitro-L-arginine methyl ester (L-NAME).

sulphide-based therapies have therapeutic potential in dis-
eases such as renal ischemia-reperfusion disorders, hyperten-
sion, and hypertensive-associated heart disease. Thus, several
compounds releasing H, S have been described as candidates
for the treatment of vascular disease [30] and decreasing
platelet-leukocyte aggregation and improving endogenous
thrombolysis [31]. Hydrogen sulphide and oestrogen have
been shown to inhibit the development of atherosclerosis [32]
through upregulating protein S-nitrosylation [33].

Hydrogen sulphide and nitric oxide play a fundamental
role as gasotransmitters in the urinary tract, both lower
tract and higher tract [34]. In addition, hydrogen sulphide
regulates fundamental renal processes such as glomerular
filtration and sodium reabsorption, both in the healthy organ
and in different pathologies and ischemia [35].

In mammals, the gas is produced from L-cysteine by
the three enzymes cystathionine-Y-lyase (CSE or CGL),
cystathionine b-synthase (CBS), and 3-mercaptopyruvate
sulphur transferase (MST) [36, 37].

Hydrogen sulphide-induced relaxation of vascular tissues
can be partially reduced by the removal of the vascular
endothelium and/or the presence of L-NAME (an inhibitor
of NO synthase) [38]. New microvessel formation or angio-
genesis occurs as a consequence of these mechanisms and we
propose that H,S absorbed through the skin can potentiate
this effect [39] (Figure 2).

Hydrogen sulphide acts on the migration and survival of
endothelial cells to form a network of vessels. This is done
through the two genes mitogen-activated protein- (MAP-)

kinase-1, an ERK gene (extracellular signal-regulated kinase),
and p38, a gene with effects on chaperone heat shock protein
27 (Hsp27) that promotes VEGF secretion. In turn, VEGF
inhibits apoptosis, regulating cell development, differentia-
tion, and cell function [40].

There are also three nonenzymatic ways to produce
H,S: through sulphurous proteins, sulphite, or thiosulphate.
Conversely, there are five ways of removing H,S in the
organism: by its conversion into thiocyanate via rhodanese;
by its transformation into sulphurous proteins; through thiol
molecules; by converting haemoglobin into sulthaemoglobin;
and by its transformation into methanethiol.

Some human bacteria are able to transform H,S into its
sulphur derivatives [41]. Thus, Pseudomonas spp. transform
H, S into sulphur (S,), S,04° ", and S,04%", Acinetobacter spp.
into S, and $,04%", and Alcaligenes spp. and Ochrobactrum
spp. into $,0,*” and S,04>".

The following factors have been implicated in the storage
and release of H,S [15]:

(1) pH and the conversion of H,S into HS™ and/or $*.

(2) Oxidation/reduction in the presence of oxygen
and its conversion into hydrogen thioperoxide and
sulphenic, sulphinic, and sulphonic acids, where
coenzyme Q-10 plays an important role [42].

(3) Hydrogenation and alkalization and transformation
in acid labile sulphur (iron-sulphur clusters) and
bound sulphane sulphur (persulphite, polysulphite,
thiosulphate, etc.).



(4) Reduction by microorganisms like sulphate reducing
bacteria (SRB) through sulphite reductase a-subunit
(CysJ), anaerobic sulphide reductase A (AsrA).

(5) Enzymatic synthesis from L-cysteine through the
above-described enzymes CSE, CBS, and MST.

Jin et al. [43] described H,S as a messenger that acts like
a cell signalling molecule on the regulation of blood flow
through and with NO and CO; on the protection of organs
through phosphoinositide 3-kinase (PI3K), MAP kinase
(MAPK), extracellular-signal-regulated kinase (Erk), glyco-
gen synthase kinase 3 beta (GSK3f3), and protein kinase C
(PKC); on inflammation through nuclear factor kappa beta
(NF-kp); in cellular defences through NF-E2 p45-related fac-
tor 2 (Nrf2); as an antiapoptotic factor in growing Bcl-2 cells
(B-cell lymphoma 2) and reducing apoptosis by regulating
BAX (bcl-2-like protein 4) and caspase-3, influencing cell
metabolism in a dose dependent manner and promoting
mitochondrial ATP synthesis at low concentrations and
inhibition of cytochrome C oxidase at high concentrations;
on ion channels producing vasorelaxation via K pp channels,
inflammation through transient receptor potential cation
channel subfamily V member 1 (TRPV-1), TRPV-4 [44] and
on calcium channels; and through its antioxidation prop-
erties acting as a reactive oxygen species (ROS) scavenger
and increasing levels of superoxide dismutase (SOD) and
glutathione (GSH) [45].

Recently, Bettowski and Jamroz-Wisniewska [46] showed
that experimentally induced short-term obesity in rats
increased endogenous production of hydrogen sulphide in
perivascular adipose tissue, while long-term obesity had the
opposite effect. These authors also observed that hypergly-
caemia suppressed the CSE-H,S pathway in adipose tissue
and proposed that hydrogen sulphide deficiency could play a
role in adipose tissue inflammatory processes associated with
obesity or metabolic syndrome.

4. Skin Absorption

Sulphurous mineral water may be absorbed through the skin
causing vasodilation, analgesia, immune response inhibition,
and keratolytic effects that reduce skin desquamation [47]. It
is also known that the topical application of H,S will also have
an effect on the internal organs [48].

The therapeutic action of sulphurous mineral waters is
related mainly to sulphur’s keratolytic, or peeling, effect. Sul-
phurous mineral water exerts beneficial anti-inflammatory,
keratoplastic, and antipruritic effects [49]. Its bactericidal and
antifungal properties have determined its use for the treat-
ment of infected leg ulcers, tinea versicolor, tinea corporis,
and tinea capitis [50]. Further, within the epidermis, H,S
is transformed into sulphur, which may also interact with
oxygen radicals in the deeper layers of the epidermis. Here,
sulphur may be converted into pentathionic acid (H,S;05),
which could explain the antibacterial and antifungal proper-
ties of sulphurous mineral waters [51].

As mentioned above, the pH of sulphurous mineral
waters is essential and responsible for its therapeutic effects.
Whether effects are superficial or deep depends on the
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formation of H,S on the surface or deep within the skin.
Hence, colloidal sulphur acts on the skin surface, HS™ is
able to penetrate deeper, and H,S can either penetrate or be
absorbed through the skin reaching the dermis.

5. Topical Transformations and Hazards

Skin treatments based on mineral water or muds derived
from mineral waters have been traditionally used in Europe
[52]. Some of the cutaneous activity of sulphurous mineral
waters is based on the formation of colloidal sulphur inside
the skin via chemical reactions or microbial metabolism,
where it then acts as a keratolytic agent. Accordingly, sulphur
eliminates disulphide cystine bonds between corneocytes.
This gives rise to two cysteine molecules, promoting desqua-
mation of the stratum corneum (Figure 3). The keratolytic
or keratoplastic properties of sulphurous mineral waters are
support by the following observations:

(1) On the skin, H,S is converted into sulphur [53].

(2) Sulphur may also interact with oxygen radicals in
the deeper layers of the epidermis and may in turn
be transformed into pentathionic acid or produce
H,S. This phenomenon was first described in 1913
by McMurtry, who reported that pentathionic acid
is a product of oxidized sulphur only when oxygen
and water are present. Pentathionic acid is a peptizing
agent for sulphur generated by the reaction of H,S and
sulphur dioxide (SO,) [54].

(3) In certain conditions, two cysteine molecules may be
oxidized to form a new cystine bond [55] and return
to their original state [56]. Cysteine residues are also
responsible for the quenching of ROS, both within cell
protein structures and in the keratinized outer layers
of epithelial corneocytes. This quenching leads to the
formation of intermolecular and intramolecular S-S
bonds in the proteins [57].

In parallel, another study has shown that H,S speeds up
wound healing in rats with diabetes. The authors related this
effect to granulation tissue formation, anti-inflammation, and
antioxidant effects, along with increased levels of VEGF [58].

Sulphurous spa baths have been used successfully for
immunomediated conditions such as contact dermatitis,
psoriasis, and atopic dermatitis, and it has been recently
suggested that the active principles of sulphurous mineral
waters could play a role in immune regulation in the skin [59].

Sulphurous mineral water inhalations and irrigations
have been traditionally used to treat airway diseases [60-63].
According to Keller et al. [64], compared to isotonic saline
solution, sulphurous mineral water shows benefits and should
be investigated further. It has also demonstrated endogenous
production of hydrogen sulphide in human gingival tissue
[65] and recent studies suggest that hydrogen sulphide may
act as an inhibitory transmitter in esophagus tract [66].

The inhalation of sulphurous mineral waters has been
shown to improve the health state of patients with chronic
obstructive pulmonary disease (COPD) [67]. The mechanism
of these observed effects is thought to be via the antielastase
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FIGURE 3: Mechanisms of action of hydrogen sulphide on bonds between corneocytes. Sulphur can be transformed into pentathionic acid
and/or produce H,S, transforming cystine into cysteine (keratolytic effect). In some situations, hydrogen sulphide can convert cysteine into

cystine (keratoplastic effect).

activity of thiol groups which could help control the inflam-
mation associated with upper and lower airway diseases
[68].

Topically administered H,S plays both physiological and
toxicological roles in biological systems. Acute exposure
to high levels of H,S is life-threatening, while long-term
exposure to environmental levels has detrimental effects
on human health. As an example, concentrations higher
than 25ppm in the environment have been linked to eye
damage and chronic exposure to hydrogen sulphide has
been attributed to severe effects on health [69]. The acute
inhalation of H,S at levels above 50-100 ppm is considered
harmful and breathing problems arise when exposure is
chronic at 10-20 ppm [70].

Emergency hospital visits for heart disease often accom-
panied by respiratory disease or stroke have been linked
to same-day hydrogen sulphide concentrations exceeding
7.00 yg/m3 . This correlation was more pronounced among
males and those 73 years and older than among females and
younger individuals [71].

Long-term exposure to even low levels of H,S at the
workplace has been reported to raise mean methaemoglobin
and sulthaemoglobin levels [72].

The topical use of H,S is not free of complications. The
use of concentrated sulphurous mineral water and especially
bathing in hot springs can produce skin conditions ranging
from irritative dermatitis to chemical burns.

Lee and Wu [73] described the case of a 65-year-old
man with no history of dermatologic disease, who suddenly
developed painful, confluent round ulcers on his legs after
bathing in a hot sulphurous spring, which had been a regular
habit for the past 10 years. In a skin biopsy, these lesions were

attributed to epidermal necrosis accompanied by numerous
neutrophils typical of a chemical burn.

In contrast, Ferreira et al. [74] described that some
sulphurous mineral waters are anti-irritants and may help
relieve skin irritation. In dermatologic formulations, they
may also improve the tolerability of the products.

6. Cell and Immunological Messengers

In mammalian cells, H,S passes through the cell membrane
and its salts pass through bisulphide channels, where they are
exchanged for CI” (by anion exchange protein AEl). In the
extracellular matrix, under physiological conditions of pH 7.4
and 37°C, only approximately 20% H,S exists as a gas. H,S
dissociates to HS™ with a trace amount of $*~. This means it
is mostly absorbed as bisulphide (Figure 4).

Hydrogen sulphide is released from the cell and then
dissociates in the extracellular environment where the pH is
slightly higher than inside the cell. The reaction balance is
mainly in this direction.

In bacteria, the extracellular environment pH is slightly
lower than inside the cell. While H,S enters cells through
the plasma membrane, HS™ is released through bisulphide
channels to the extracellular environment. This time, the
reaction occurs in the opposite direction [75].

However, within the epidermis, the extracellular environ-
mental pH is much lower than inside the cell (4.5-6.5) and
the temperature is also slightly lower (35°C). Thus, H,S is
the main molecule involved in the absorption and release of
sulphur.

Merighi et al. [76] conducted a study in which it was
shown for the first time that H,S significantly increases NO
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FIGURE 4: Cellular uptake of hydrogen sulphide according to pH and temperature. In cells, sulphur is mostly absorbed as bisulphide salt,
while, on skin, hydrogen sulphide is the main molecule involved in the absorption and release of sulphur.
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FIGURE 5: Hydrogen sulphide has a dual effect on keratinocytes: at low concentrations, it induces their proliferation, while, at high
concentrations, it exerts a cytostatic effect on these cells and reduces VEGF release via the ERK pathway.

levels in a protein kinase B (Akt) gene-dependent manner. diminished VEGF release [77] (Figure 5). According to
Inside keratinocytes, NO is synthesized from arginine at low  these authors, the proliferation of keratinocytes is enhanced
concentrations of H,S by constitutive nitric oxide synthases by their exposure to low H,S concentrations, while high
(NOS) and at higher concentrations by inducible nitric oxide =~ concentrations of H,S lead to considerably increased NO
synthases (iNOS). Hence any increase in NO concentra-  concentrations, exerting a cytostatic effect on these cells.
tion reduces ERKI/2 activation with the consequence of ~ Other authors have observed that, in psoriasis, despite
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apparently elevated iNOS, the levels of NO produced were
inadequate to induce cell differentiation, although sufficient
to promote proliferation. Increasing the concentrations of
NO in the epidermis will promote keratinocyte differentia-
tion rather than proliferation [43].

These observations suggest promising therapeutic appli-
cations of H,S releasing agents for chronic inflammatory
disorders of the skin such as psoriasis owing to its NO donor
and anti-VEGF properties. However, such compounds still
need to be assessed in a clinical setting.

According to Jin et al. [43], H,S shows dual behaviour
depending on its concentration outside the cell. At low
concentrations, it stimulates keratinocyte proliferation (anti-
apoptotic) and has provasodilation and proangiogenesis
properties, while, at high concentrations, it promotes ker-
atinocyte differentiation (proapoptotic) and shows antiva-
sodilation and antiangiogenesis properties.

Yang et al. [78] reported that the newly synthesized H,S
donor is capable of protecting human skin keratinocytes from
methylglyoxal-induced injury and dysfunction. Thus, it could
be that H,S-releasing molecules will improve wound healing
in patients with diabetes mellitus. Suzuki et al. [79] have
found differences in plasma levels of hydrogen sulphide in
diabetic patients.

Under appropriate conditions, H,S reduces clonal
growth, cell proliferation, and the adhesion of mature human
keratinocytes by limiting the keratinocyte stem cell subpop-
ulation in culture [80].

Some mineral waters have effects on the immune system.
Different mineral waters seem to exert some immunomod-
ulation activity and to increase levels of beta-endorphins
in human skin. Unfortunately, these “miraculous” effects
are still poorly documented and the lack of double-blinded
studies precludes any generalizations about mineral waters as
cutaneous prescriptions [81].

Hydrogen sulphide inhibits IL-8 expression in human
keratinocytes via MAP kinase signalling. Along with its
known anti-inflammatory activity, this could help explain
some of the biological effects of sulphurous mineral water
therapy [82] including Langerhans cell migration [83].

Mirandola et al. [84] reported that mitogen-activated
protein is able to diminish the IL-2 production and cell
cytotoxic response shown by peripheral blood lymphocytes
and therefore mitigates local inflammatory responses and cell
toxicity as characteristic anti-inflammatory effects of sulphur
compounds.

Rinaldi et al. [85] assessed the in vitro effects of H,S
on the survival capacity and bactericidal actions of human
neutrophils. These authors proposed the following:

(1) Bisulphide ions favour the survival of granulocytes
cultured in serum-free medium but not the survival
of lymphocytes or eosinophils.

(2) This prosurvival effect is mediated through caspase-3
cleavage inhibition and p38 MAP-kinase phosphory-
lation.

(3) The bactericidal actions of neutrophils are not modi-
fied by H,S. They concluded that bisulphide promotes

the short-term survival of neutrophils and that this
could speed up the resolution of inflammation and
prevent further inflammation.

Inflammation is a response to traumatic, infectious, pos-
tischemic, toxic, or autoimmune damage. However, uncon-
trolled inflammation can lead to disease, and inflammation is
now believed to be responsible for several disease conditions.

Bhatia [86] reported that H,S acts as a novel mediator of
inflammation. Soria et al. [87] determined that sulphurous
mineral water intake improves haematological and biochem-
ical markers of muscle damage produced in response to
endurance exercise in well-trained athletes and thus may
protect from exercise-induced muscle damage.

Sulphurous mineral waters may help manage chronic
inflammatory and age-related disorders through their com-
bined anti-inflammatory and antioxidant properties [88].

Transient receptor potential ankyrin 1 (TRPAI), acti-
vated by H,S, plays an important role in chronic arthri-
tis/osteoarthritis and related pain behaviours in the mouse.
This receptor may therefore be a promising target for novel
analgesic/anti-inflammatory drugs [89]. The interaction of
hydrogen sulphide on T-Type Ca** channels can serve as a
therapeutic target for the treatment of intractable pain and
neuronal lesions [90].

Hydrogen sulphide decreases IL-13-induced activation
of fibroblast-like synoviocytes obtained from patients with
osteoarthritis [91] and is thought to delay cartilage destruc-
tion in part by reducing activation of the nuclear factor NFkB
[92].

Finally, Benedetti et al. [93] suggested that, to ensure long-
lasting chondroprotective effects of sulphur-based therapies,
standard mud bath treatments should be associated with
hydropinotherapy to keep reduced oxidative, inflammatory,
and degradative stimuli for longer.

7. Discussion

H,S induces a wide range of physiological responses such
as blood pressure modulation, protection against ischemic
reperfusion injury, and anti-inflammatory reactions.

It is well documented that H,S is the main factor respon-
sible for capillary vasodilation. Accordingly, the exogenous
administration of H,S elicits vascular relaxation in animal
preparations both in vitro and in vivo [94]. Exogenous H,S
could protect arterial endothelial cells [95]. Mancini et al. [96]
described additional benefits of balneokinetic treatment with
sulphurous mineral water over elastic compression in patients
with symptomatic varices. According to these authors, the
improvement in the venoarteriolar reflex observed could
support these subjective benefits.

Sulphurous mineral water-based balneotherapy signifi-
cantly reduces limb spasticity and pain and can help in the
treatment of poststroke patients [97]. These observations
are compatible with the regeneration and anti-inflammatory
activity of sulphurous mineral waters [98] and may be
essential for Schwann cell responses to peripheral nerve
injury [99].



Observations so far strongly suggest that H,S modulation
could have therapeutic benefits. Hence, sulphurous mineral
waters are not only useful research tools but also show
promise as therapeutic agents [100].

Intriguingly too, H,S has been reported to regulate cell
cycle and survival in healthy cells which suggests that it may
regulate cell fate and hence the ageing process [101].

Intense research effort is also being devoted to addressing
the use of H,S-donor drugs capable of the controlled release
of H,S into the bloodstream. Notwithstanding, according to
Haouzi [102], the levels of H2S tested in vitro are toxic and
the low levels that will need to be administered in vivo to
avoid any toxic effects are unlikely to give rise to adequate
H,S concentrations in tissues.

Pharmacological molecules that release H,S too quickly
do not adequately mimic the physiological effects of the gas.
Hence, slow-releasing H,S donors are a more appropriate
source of hydrogen sulphide than even a sulphur salt solution.
In addition, the beneficial effects of H,S on inflammation
are concentration and time-dependent and may involve bell-
shaped dose-response curves.

The therapeutic properties of mineral-medicinal waters
are determined by their inherent properties. This means they
cannot be chemically modified but can be modified discretely
by simple physical means. Sulphurous mineral water springs
used in balneotherapy tend to have low sulphide concen-
trations. In Spain, such sulphide concentrations are 45 mg/1
maximum and are therefore not considered toxic.

Besides an attenuating effect of slow skin absorption,
the topical application of sulphurous mineral waters in well-
ventilated and controlled environments such as spas can be
considered safe. In these environments, treatment duration
and chronicity can be modulated in addition to the active
concentrations of sulphurous mineral water. In this manner,
sulphide release by sulphurous mineral waters can be to a
certain extent controlled.

In a review of studies assessing the clinical use of H,S,
Beltowski [103] describes clinical applications of the gas in
the following conditions: pulmonary hypertension, arterial
hypertension, atherosclerosis, ischemia-reperfusion injury,
heart failure, peptic ulcer, acute and chronic inflammatory
diseases, Parkinson’s disease, Alzheimer’s disease, erectile
dysfunction, and skin diseases.

In conclusion, several new lines of evidence indicating a
role of hydrogen sulphide as a cell messenger with cytoprotec-
tive effects anticipate promising perspectives for treatments
with sulphurous mineral waters [104].
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